Oxidative stress and endoplasmic reticulum (ER) stress have been implicated in cardiovascular diseases although the interplay between the two is not clear. This study was designed to examine the influence of oxidative stress through glutathione depletion on myocardial ER stress and contractile function in the absence or presence of the heavy metal scavenger antioxidant metallothionein (MT). FVB and MT overexpression transgenic mice received the GSH synthase inhibitor buthionine sulfoximine (BSO, 30 mM) in drinking water for 2 weeks. Oxidative stress, ER stress, apoptosis, cardiac function and ultrastructure were assessed using GSH/GSSG assay, reactive oxygen species (ROS), immunoblotting, caspase-3 activity, Langendorff perfused heart function (LVDP and ±dP/dt), and transmission electron microscopy. BSO led to a robust decrease in the GSH/GSSG ratio and increased ROS production, consolidating oxidative stress. Cardiac function and ultrastructure were compromised following BSO treatment, the effect of which was obliterated by MT. BSO promoted overt ER stress as evidenced by upregulated BiP, calregulin, phospho-IRE1α and phospho-eIF2α without affecting total IRE1α and eIF2α. BSO treatment led to apoptosis manifested as elevated expression of CHOP/GADD153, caspase-12 and Bax as well as caspase-3 activity, reduced Bcl-2 expression and JNK phosphorylation, all of which was ablated by MT. Moreover, both antioxidant Nacetylcysteine and the ER stress inhibitor tauroursodeoxycholic acid reversed the oxidative stress inducer menadione-elicited depression in cardiomyocyte contractile function. Taken together, these data suggested that ER stress occurs likely downstream of oxidative stress en route to cardiac dysfunction.
Introduction
Endoplasmic reticulum (ER) is an extensive intracellular membranous network involved in Ca 2+ storage, Ca 2+ signaling, glycosylation and trafficking of newly-synthesized membrane and secretory proteins. Perturbations of these processes by glucose and energy deprivation, viral infections, expression of mutant proteins, chemical triggers and cholesterol accumulation have been demonstrated to interfere with the proper functioning of ER, thus creating a condition defined as ER stress [1, 2] . ER stress leads to the activation of a complex signaling network called the unfolded protein response (UPR). The end result of ER stress and UPR, if sustained, is usually apoptotic cell death. ER stress has been shown to participate in the pathogenesis of a wide variety of diseases such as neurodegenerative disorders, diabetes, alcoholism, and ischemia reperfusion heart disease [3, 4] . Up to now, three classes of ER stress transducers have been identified including inositol-requiring protein-1 (IRE1), the protein kinase RNA (PKR)-like ER kinase (PERK)-translation initiation factor eIF-2α pathway and transcription factor-6 (ATF6) [3] . Similar to ER stress, oxidative stress, or accumulation of reactive oxygen species (ROS), is also closely associated with numerous diseases including heart diseases [1, 2, [5] [6] [7] . Oxidative stress is usually triggered by the disturbed prooxidant-antioxidant balance and promotes progression of heart dysfunction [8] . Recent evidence has shown that ER stress may trigger ROS production [9] and redox deviation [10] in the ER.
Nonetheless, the precise interplay between oxidative stress and ER stress in the heart has been sparsely described. Glutathione (GSH) is an important intracellular antioxidant to protect against oxidative damage [11, 12] . GSH is maintained predominantly in the reduced state through the glutathione redox cycle by glutathione reductase [12] . Depletion or loss of GSH contributes to oxidative injury [13] . Our earlier study revealed that cardiac overexpression of the heavy metal scavenger metallothionein effectively alleviated GSH depletion-induced oxidative cardiomyopathy [14] through reduction of ROS. However, whether ER stress plays a role in oxidative stress and antioxidant-elicited myocardial response remains largely unknown. Hence we took advantage of the GSH depletion murine model of oxidative stress using buthionine sulfoximine (BSO), a transition state inhibitor of γ-glutamyl cysteine synthetase to irreversibly inhibit GSH synthesis [15] , to assess the role of ER stress in antioxidant-elicited cardioprotection against oxidative stress. GSH/ GSSG ratio, ROS production, ER stress markers including BiP, calregulin, IRE1α, eIF2α and apoptosis markers such as caspase, CHOP (GADD153), JNK, Bax and Bcl2 were examined. Myocardial ultrastructure and contractile function were evaluated in wild-type FVB and metallothionein overexpression transgenic mice with or without BSO treatment. To further elucidate the sequential relationship between oxidative stress and ER stress, the oxidative stress inducer menadione-elicited changes in cardiomyocyte contractile function were examined in the absence or presence of the ER stress inhibitor tauroursodeoxycholic acid (TUDCA).
Materials and methods

Experimental animals
The animal procedures described in this study were approved by the University of Wyoming Institutional Animal Use and Care Committee. In brief, 5-6-month-old, female mice with a ten-fold cardiac-specific transgenic overexpression of the heavy metal scavenger metallothionein (MT) driven by the mouse α-MHC promoter [16] and wild-type Friend virus B (FVB) mice were used. All mice were maintained at 22°C with a 12/12-light/dark cycle and received lab chow and water ad libitum. A cohort of FVB and MT mice was given BSO (30 mM) in drinking water for 2 weeks [13] .
Determination of reduced and oxidized glutathione (GSH and glutathione disulfide [GSSG])
The heart glutathione contents were measured as described previously [17] . Tissue samples (∼ 50 mg) were sonicated in picric acid and centrifuged at 13,500 ×g for 20 min. The supernatant was then divided into two aliquots. One was directly used for total GSH assay and the other for GSSG. 100 μl of supernatant fractions with 2 μl vinyl pyridine were incubated at room temperature for 1 h to scavenge GSH for the GSSG determination. The GSSG was then subtracted from the total glutathione to evaluate the GSH levels. GSH was determined by the DTNB-glutathione reductase recycling mechanism [18] .
Cardiomyocyte isolation and in vitro drug treatment
Murine cardiomyocytes were isolated as described [14] . After ketamine/xylazine sedation, hearts were removed and perfused with Ca [19] at 37°C for 2 h in the absence or presence of the antioxidant N-acetylcysteine (NAC, 500 μM) [20] or the ER stress inhibitor tauroursodeoxycholic acid (TUDCA, 500 μM) [21] prior to mechanical function assessment.
Detection of intracellular ROS
ROS were detected in isolated cardiomyocytes by analyzing the fluorescence intensity of the intracellular fluoroprobe 5-(6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (CM-H 2 DCFDA). In brief, cardiomyocytes were loaded with 10 μM non-fluorescent dye 2,7-dichlorodihydrofluorescein diacetate (H 2 DCFDA, Molecular Probes, Eugene, OR) at 37°C for 30 min. After rinsing with the Krebs-Henseleit buffer (KHB), the fluorescent intensity was measured using a fluorescent microplate reader at an excitation wavelength of 480 nm and an emission wavelength of 530 nm. Untreated cells showed no fluorescence and were used to determine the background fluorescence. The final fluorescent intensity was normalized to the protein content in each group [22] .
Caspase-3 assay
The caspase-3 activity was determined according to our previously published method [23] . Briefly, 1 ml of PBS was added to heart tissues. Tissues were homogenized and centrifuged at 10,000 ×g at 4°C for 10 min. The supernatant was discarded, and pellets were lysed in 100 μl of ice-cold lysis buffer [50 mM HEPES, pH 7.4, 0.1% CHAPS, 1 mM dithiothreitol (DTT), 0.1 mM EDTA, 0.1% NP40]. The assay for caspase-3 activity was carried out in a 96-well plate. Each well contained 30 μl of lysate, 70 μl of assay buffer (50 mM HEPES, pH 7.4, 0.1% CHAPS, 100 mM NaCl, 10 mM DTT, and 1 mM EDTA) and 20 μl of caspase-3 colorimetric substrate Ac-DEVD-pNA (Sigma Chemicals, St. Louis, MO). The 96-well plate was incubated at 37°C for 2 h, during which time caspase in the sample was allowed to cleave the chromophore p-NA from the substrate molecule. Absorbance readings were obtained at 405 nm with the caspase-3 activity being directly proportional to the colorimetric reaction. Protein content was determined using the Bradford method [24] .
Langendorff perfused heart function
The Langendorff perfused heart function was assessed using the ADInstruments PowerLab ® system. In brief, mice were anesthetized with ketamine/xylazine [25] and the hearts were perfused with KHB containing 7 mM glucose, 0.4 mM oleate, 1% BSA, and a low fasting concentration of insulin (10 μU/ml). The perfusion was initiated in the retrograde mode through the cannulated aorta [26] . Hearts were perfused at a constant aortic pressure of 4 ml/min at baseline for 60 min. A fluid-filled latex balloon connected to a solid-state pressure transducer was inserted into the left ventricle to measure the pressure. Left ventricular developed pressure (LVDP), the first derivative of LVDP, namely, the maximum rate of left ventricular pressure development (+dP/dt) and the maximum rate of left ventricular pressure decline (−dP/dt) were recorded using a digital acquisition system at a balloon volume which resulted in a baseline LV end-diastolic pressure of 5 mm Hg.
Transmission electron microscopy
Ultrastructural changes in murine ventricles were detected by transmission electron microscopy according to our previously published method [22] . In brief, left ventricular tissues from each group were cut into small pieces (b3 mm 3 ) and immediately fixed with 2.5% glutaraldehyde for at least 1 h before postfixation with 1% uranyl acetate for 1 h. Following PBS rinse, tissues were dehydrated with graded ethanol from 70 to 100% followed by 100% propylene oxide (PO), 1:1 mixture of PO and the embedding resin, and 100% embedding resin as transition. Tissues were then embedded in a fresh change of 100% embedding media in the oven at 60°C overnight. Ultra thin sections (50 nm) were cut on the ultramicrotome, stained with uranyl acetate, followed by lead citrate, and viewed on a Hitachi H-7000 transmission electron microscope equipped with a 4 k × 4 k cooled charge coupled device (CCD) digital camera.
Western blot analysis
The total protein was prepared as described [22] . In brief, tissue samples from mouse ventricles were removed and homogenized in a lysis buffer containing 20 mM Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 0.1% SDS, and protease inhibitor cocktail. Samples were then sonicated for 15 s and centrifuged at 13,000 ×g for 20 min at 4°C. The protein concentration of the supernatant was determined using Protein Assay Reagent (Bio-Rad Laboratories, Richmond, CA, USA). Protein samples were then mixed 1:2 with Laemmli sample buffer with 5% 2-mercaptoethanol and heated at 95°C for 5 min. Equal amounts (50 μg protein/lane) of the protein mixture, or the SeeBlue Plus2 PreStained markers (Invitrogen, Carlsbad, CA, USA) were separated on 10% or 15% SDS-polyacrylamide gels in a minigel apparatus (Mini-PROTEAN II, Bio-Rad); then were transferred electrophoretically to Nitrocellulose membranes (0.2 μm pore size, Bio-Rad Laboratories, Inc, Hercules, CA, USA). Membranes were incubated for 1 h at room temperature in a blocking solution containing 5% milk in Tris-buffered saline (TBS). After TBS washed, membranes were incubated overnight at 4°C with primary antibody including rabbit anti-BiP (1:1000), goat anti-calregulin (calreticulin) (1:1000), rabbit anti-IRE1α (1:500), rabbit anti-phospho-IRE1α (1:1000), rabbit anti-eIF2α (1:1000), rabbit anti-phospho-eIF2α (1:500), rabbit anti-caspase-12 (1:500), rabbit anti-CHOP (GADD153) (1:1000), rabbit anti-JNK (1:1000), mouse anti-phospho-JNK (1:1000), mouse anti-Bcl2 (1:1000), rabbit anti-Bax (1:500) and rabbit anti-GAPDH (as loading control, 1:1000) antibodies. After three washes with TBS-T to remove excessive primary antibody binding, blots were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (1:5000) for 1 h at room temperature. The antigens were detected by the luminescence method. Quantification of band density was determined using Quantity One software (Bio-Rad, version 4.4.0) and reported in optical density per square millimeter.
Cell shortening/relengthening
Mechanical properties of cardiomyocytes were assessed using a SoftEdge MyoCam system (IonOptix, Milton, MA, USA). In brief, cells were placed in a Warner chamber mounted on the stage of an inverted microscope (Olympus IX-70) and superfused (∼ 1 ml/min at 25°C) with a buffer containing (in mM) 131 NaCl, 4 KCl, 1 CaCl 2 , 1 MgCl 2 , 10 glucose, and 10 HEPES at pH 7.4. The cells were field stimulated with suprathreshold voltage at a frequency of 0.5 Hz using a pair of platinum wires placed on opposite sides of the chamber connected to a FHC stimulator (Brunswick, NE, USA). The myocyte being studied was displayed on the computer monitor using an IonOptix MyoCam camera. An IonOptix SoftEdge software was used to capture changes in cell length during shortening and relengthening. Cell shortening and relengthening were assessed using the following indices: resting cell length, peak shortening (PS), time-to-PS (TPS), time-to-90% relengthening (TR 90 ), and maximal velocity of shortening/relengthening (±dL/dt) [14] .
Statistical analysis
Data were presented as mean ± SEM. Statistical significance (p b 0.05) for each variable was estimated by a one-way analysis of variance (ANOVA) followed by a Tukey's multiple comparison test as the post hoc analysis.
Results
General characteristics of mice, ROS levels and caspase-3 activity following BSO treatment
Neither BSO nor metallothionein overexpression significantly affected body and organ weights. As expected, BSO dramatically reduced GSH levels and the GSH/GSSG ratio but not the GSSG levels in hearts, the effect of which was unaffected by metallothionein (Table 1 ). In addition, GSH depletion significantly increased ROS production in isolated cardiomyocytes as measured by the intracellular fluoroprobe CM-H 2 DCFDA, the effect of which was counteracted by metallothionein. Metallothionein itself did not elicit any significant effect on ROS generation (Fig. 1A) . To examine if apoptosis plays any role in metallothionein-and BSO-induced cardiac response, caspase-3 activity was assessed in myocardium from FVB and metallothionein mice with or without BSO treatment. Results shown in Fig. 1B depict significantly elevated caspase-3 activity in hearts from BSOtreated FVB mice. Consistent with its effect on ROS production, metallothionein significantly attenuated the BSO-elicited elevation in caspase-3 activity.
Effect of MT on BSO-elicited response on Langendorff perfused heart function
Cardiac performance was evaluated using the Langendorff perfused heart system. Mechanical indices including left ventricular developed pressure (LVDP), maximal rate of pressure development (+dP/dt) and decline (−dP/dt) were similar between FVB and MT mice in the absence of BSO treatment. BSO treatment significantly depressed LVDP and ±dP/dt in FVB mice although such effect was significantly attenuated or obliterated with the overexpression of metallothionein (Fig. 2) . These data suggest that metallothionein may protect against oxidative stress-induced cardiac contractile dysfunction.
Electron microscopic characteristics
Ultrastructural changes in myocardial tissues from FVB and MT mice following BSO treatment were examined by transmission electron microscope (TEM). As shown in Fig. 3 , there were no overt ultrastructural differences (regular structure, mitochondria and myofilaments with uninterrupted sarcomeres) between FVB and MT groups in the absence of BSO treatment (Figs. 3A, B, E, F). BSO treatment triggered dramatic cytoarchitectonic changes including mitochondrial disorganization of cristae and matrix clear-out, irregular myofilaments and disruption of sarcomeres in left ventricles of FVB mice (Figs. 3C, D) . BSO also triggered generation of bulbiform bodies indicating lipid droplets. Interestingly, the BSO-induced ultrastructural changes were significantly alleviated by metallothionein. Micrographs from the MT-BSO mice displayed similar myocardial morphology compared with the non-BSO-treated groups (Figs. 3G, H) .
Western blot analysis of ER stress markers
To explore the potential mechanism responsible for metallothionein-offered protection against BSO-elicited myocardial damage, expression of the ER stress markers BiP, calregulin (calreticulin), IRE1α, and eIF2α was evaluated. The immunoblotting results revealed no significant change in the total IRE1α and eIF2α expression in FVB and MT groups with or without BSO treatment. However, BSO significantly upregulated the expression of BiP and calregulin, as well as phosphorylation of IRE1α and eIF2α in FVB mice, the effects of which were significantly alleviated by metallothionein. Metallothionein itself did not affect the expression of these ER stress markers and chaperones (Fig. 4) .
Western blot analysis of the ER apoptotic makers
To further explore the effect of BSO and metallothionein on ER stress-mediated apoptotic pathway, we evaluated the ER-related apoptotic proteins CHOP/GADD153, caspase-12, c-Jun NH 2 -terminal kinase (JNK), phosphorylated JNK, Bax and Bcl-2. Our data shown in Fig. 5 displayed that BSO significantly upregulated CHOP/GADD153, caspase-12 and Bax while it downregulated phospho-JNK and Bcl-2. Total JNK expression was unaffected. Although metallothionein itself did not affect the expression of these ER apoptotic proteins, it obliterated the BSO-induced changes in CHOP/GADD153, caspase-12, Bax, phospho-JNK and Bcl-2.
Effect of ER stress inhibition on oxidative stress-induced changes in cell shortening
To further examine the role of ER stress in oxidative stressinduced cardiac contractile defects, freshly isolated cardiomyocytes from wild-type FVB mice were treated with the oxidative stress inducer menadione (30 μM) [19] for 2 h in the absence or presence of the ER stress inhibitor TUDCA (500 μM) [21] or the antioxidant NAC (500 μM, used as a positive control). Somewhat similar to our previous finding [27] , the oxidative stress inducer menadione significantly decreased PS and ±dL/dt without affecting resting cell length, TPS and TR 90 in murine cardiomyocytes. Interestingly, both TUDCA and NAC ablated menadione-induced mechanical defects without eliciting any effects on cardiomyocyte mechanics themselves (Fig. 6 ). These data provided direct evidence for a likely role of ER stress in the oxidative stress-induced cardiac contractile dysfunction.
Discussion
The major findings of our study revealed that glutathione depletion leads to oxidative stress, apoptosis, ER stress, myocardial contractile and ultrastructural (mitochondrial swelling and myofilament aberrations) defect. The fact that the thiol-rich heavy metal scavenger metallothionein abrogates BSO-induced ultrastructural, functional and mitochondrial changes as well as ER stress favors that ER stress may occur downstream of oxidative stress in Fig. 3 . Transmission electron microscopic micrographs of left ventricular tissues from FVB and metallothionein (MT) transgenic mice treated with or without BSO. Panels A, B: FVB; panels C, D: FVB-BSO; panels E, F: MT; and panels G, H: MT-BSO. Tissues in A (× 5000), B (× 8000), E (× 5000) and F (× 8000) show regular structure, mitochondria and myofilaments with uninterrupted sarcomeres; the BSO-treated myocardial tissues (C) (× 5000) and (D) (× 8000) displayed altered mitochondria, irregular myofilaments and the bulbiform bodies. These ultrastructural changes were less obvious in MT group (G) (× 5000) and (H) (× 8000). myocardial dysfunction. This notion received further consolidation from our in vitro cardiomyocyte mechanical study where inhibition of ER stress with TUDCA ablated oxidative stress-triggered cardiomyocyte mechanical dysfunction. These results have collectively prompted for a likely role of ER stress in oxidative stress-associated cardiac mechanical dysfunction and more importantly, the therapeutic value of ER stress as a potential drug target in myocardial dysfunction.
Our data suggested that glutathione depletion-associated oxidative stress is associated with the development of ER stress. A causal link has been implicated between protein folding and ROS generation [9, 28] . Neurologic studies have depicted that ER stress or UPR is likely downstream of 6-hydroxydopamine-induced oxidative stress en route to cell death [29, 30] . However, limited information is available with regard to the precise interplay between oxidative stress and ER stress in the hearts. Our present study revealed that glutathione depletioninduced oxidative stress may precede ER stress given that the antioxidant metallothionein reversed BSO-elicited ER stress in murine hearts. Several studies have implicated a unique role of metallothionein in the antioxidant defense system, where glutathione is an essential component [31, 32] . Our data of reduced GSH/GSSG ratio and increased ROS reflected confirmed oxidative stress elicited by BSO, an effective inducer for oxidative stress [13, 14] . The antioxidant metallothionein attenuated BSO-induced oxidative stress but not the depleted glutathione levels (GSH/GSSG ratio), indicating a role for metallothionein independent of the bioavailability of glutathione. We further observed that glutathione depletion prompted ER stress, which is supported by upregulated ER stress markers including BiP, calregulin, CHOP/GADD153, phospho-IRE1α and phospho-eIF2α without affecting IRE1α and eIF2α. Metallothionein alleviated BSOinduced ROS accumulation, cardiac dysfunction and ER stress, favoring a downstream role for ER stress in the oxidative stress-induced myocardial defects. Observation from our in vitro study further supports the notion that ER stress occurs downstream of oxidative stress in the regulation of cardiomyocyte contractile function. Furthermore, our result revealed that glutathione depletion resulted in apoptosis as evidenced by the upregulated caspase-3 activity, CHOP/GADD153, caspase-12, Bax and downregulated Bcl-2 expression, supporting the notion of oxidative stress/ER stress-elicited cell death in the hearts [33] .
Our results provide evidence that oxidative stress induced by glutathione depletion may predispose the onset and progression of ER stress. BSO treatment directly promotes ER stress including BiP, calregulin, phosphorylation of IRE 1α and eIF 2α, the effect of which was attenuated by metallothionein. IRE1, PERK and ATF6 are the three ER sensor proteins which regulate the UPR through their respective signaling pathways, before binding to the immunoglobulin-binding protein (BiP) in unstressed cells [34] . BiP is a protein chaperone also known as the glucose regulated protein of 78 kDa (GRP78) [35] . In response to ER stress, unfolded proteins accumulate in the ER lumen and promote BiP release from UPR sensors. This may lead to the activation of IRE1 and PERK to phosphorylate eIF2α [28, 36] , consistent with our present data. In addition, BSO treatment enhanced expression of calregulin, a ROS-sensitive ER chaperone governing ER-Golgi trafficking [37, 38] . Interestingly, all those changes in ER stress were effectively eliminated by metallothionein. Our data did not favor any direct response of the heavy metal scavenger metallothionein on ER stress markers. Furthermore, BSO treatment upregulated CHOP/ GADD153, caspase-3, caspase-12, Bax while it downregulates Bcl-2. Consistent with its effect on cardiac function, ROS and ER stress, these apoptotic markers were reversed by metallothionein, indicating that a major role of oxidative stress in apoptosis. Last but not the least, glutathione depletion depressed activation of the stress signaling molecule JNK in FVB but not metallothionein mice. These data suggest that JNK pathway may not play a major role in glutathione depletionelicited oxidative stress. The reduced JNK activation may reflect a compensatory response of JNK signal in response to BSO-induced glutathione depletion.
In summary, data from our present study have shed some light on the sequential relationship between oxidative stress and ER stress in the maintenance and regulation of cardiac function. Nonetheless, the jury is still out with regard to the precise interplay between the two. Further study is warranted to examine the effect of oxidative stress inhibition on ER stress-induced cardiac contractile function, given that ER stress is known to initiate ROS production and redox deviation [9, 10, 33] . In addition, it is unclear exactly how oxidative stress triggers ER stress. Although it may be speculated that oxidative stress may initiate ER stress process through protein oxidative modification or inhibition of Ca 2+ -ATPase [33] , further scrutiny is warranted to elucidate the precise mechanism behind the oxidative stress-elicited UPR and ER stress.
